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@ Pulsed fuel Injection system for reducing NOx emissions. 

@ A system for reducing the fbnnatlon of NO^ pollutants during the combustion of liquid fuel In a gas 
ttjrbine engine. The system comprises introducing an externally modulated, rapidly-pulsed, oscillated or 
sinusoidal fuel flow deliveiy. rate (generically referred to as "modulated") to produce a controlled degree 
Of combustor air input flow oscillation and bullc flow oscillation within the combustor which enhances 
me fuel-air mocing rate and homogeneity within the combustor. decreases the residence time of 
fransition fuel/air mixtures prone to NO, fonmation, and substantially decreases the NO^ concentration in 
me r^ultlng combustion gas product without creating a net pressure gain througtout the combustion 
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BACKGROUND OF THE INVENTION 

Continuous combustion engines such as gas tur- 
bines are powered by the continuous combustion of 
fuei/air mixtures in predetermined relative propor- 5 
tions, accompanied by the continuous delivery of the 
products of the combustion, including highly objec- 
tionable nitrogen oxide gases, primarily NO and NO2, 
generally referred to collectively as NOx. The extent 
of formation of such NOx species Is to a large extent 10 
controlled by the chemical kinetic rate of their forma- 
tion during the combustion process and the time 
scale of critical steps in the combustion process. The 
kinetic rata Is dependent upon the fuel-to-air ratio, 
which generally varies in different areas of thacom- is 
bustion chamber, and the temperature in said areas. 
The combustion process time scales are dependent 
upon fuel and air input and mixing conditions. 

The liquid fuel is introduced through nozzles or 
fuel injectors in the form of a fine spray. The air is 20 
compressed and Introduced to the combustion cham- 
ber through a multiplicity of discrete jets and cooling 
passages. A minor amount of t he air passes through 
the fuel nozzle to assist spray formation and distrib- 
ution. A further amount of the air is introduced to mix 25 
with this spray as primary air to form an initial com- 
bustible mixture with the fuel. The bulk of the air sup- 
ply flows into the combustion chamberf urther down- 
stream, in part as cooling flow for the combustor 
waits, and In part as directed jets forcing mixing of the 30 
flow in the combustor. It completes combustion of the 
gases from the primary combustion zone, and dilutes 
and cools them. 

In the case of gas turbine engines, the tempera- 
ture of the combustion air Is very high and this favors 35 
the rapid formation of NOx 9as species. Such pollu- 
tants result in unhealthy air conditions at ground level 
In the area of airports and contribute to ozone deple- 
tion at higher altitudes. 

The overall problem Is to limit or minimize nitro- 40 
gen oxkie production and attendant emissions from 
combustors. particularly gas turbines, having com- 
bustion systems firing clean liquid fuels (e.g. kero- 
sene. JP-4, Jet-A) with air. In gas turtsines. the pri- 
mary fuels are Jet-A and JP-4, with air typically com- 4S 
pressed to a pressure ratio in the range 6 to 50. At sea 
level, this results in air input to the combustor at 500- 
1200^F. and operating pressure in the range 6 to 50 
atmospheres. The global combustion process typi- 
cally Includes substantial excess air so 

Under these conditions, fixation of air nitrogen, 
primarily as nitrogen oxide (NO) and nitrogen dioxide 
(NO2), is thermodynamically driven. Chemical equi- 
librium NOx (NO i- NO2) concentration is dependent 
on initial air temperature and combustion stoichiome- 55 
try. The actual quantity of NOx is typically less than 
this equilibrium value, controlled by the rate of its for- 
mation during the combustion process. 



Typically, a gas turbine combustor exit stolchlo- 
metry is In the range 0.3 to 0.5 (F/A), with corre- 
sponding equilibrium NOx in the range 40 to 3500 
ppm - see Fig. 1 of the accompanying drawings. 

This is not acceptable in terms of atmospheric 
pollution. Stationary power systems and tow altitude 
aircraft applications result in concentrated NOx emis- 
sion, typically near urban areas. Current-generation 
commercial aircraft, cruising in the upper tropo- 
sphere, add NOx in the 25,000-40,000 foot altitude 
range. Higher flight altitude, attractive for supersonic 
cruise, will result in NOx dispersal in the stratosphere, 
resulting directly in destruction of atmospheric ozone 
(O3) by selective reaction with NOx. 

NOx formation is based on complex free radical 
gas phase chemistry. In the course of combustion of 
hydrocarbons with air via a spray diffusion flame sub- 
ject to dilution with excess air, the reacting mbcture 
composition and temperature inevitably transitions 
through a regime of very high NO^ formation rate. 
This problem Is exacerbated by the high combustion 
air temperature associated with gas turbine opera- 
tion. 

This rate varies with input air temperature and lo- 
cal combustion gas stoichiometry, and can be ex- 
pressed in ppm/millisecond - see Fig. 2 of the accom- 
panying drawings. Relative to a total residence time 
of typically 5 msec, peak formation rates of a few 
ppm/millisecond are acceptable. However, realistic 
values of gas turbine combustor Input air temperature 
result in peak formation rates in the range 1 00 to 1 000 
ppm/msec. Following the sequence of fuel oxidation 
from high to low stoichiometry, the absolute equilib- 
rium NOx level Is low for stoichiometry greater than 
about 1 .4, even though the formation rate approach- 
ing this level can be high. Transitioning to lean con- 
ditions, at stoichidmetries in the range 0.5 to 0.6 the 
formation rate becomes low enough that even though 
the equilibrium level can be high, it Is not achieved in 
the available combustor residence time. Conse- 
quently, the critical regime for NOx formation ^ in tha 
F/A composition transition from about 1 .2 to 0.6. • 

DISCUSSION OF THE PRIOR ART 

Two approaches for minimizing NOx formation 
are well known, the first employs sequential fuel-air 
mixing and reaction. Liquid hydrocarbon fuel is first 
combusted with limited air to give highly under-oxi- 
dized products, with the fuel elemental species (C 
and H) represented by CO, CO2, H2, and H2O. Net 
NOx formation in this environment Is minimal. Subse- 
quently, excess air is mixed with this gas to form fuel 
combustton products as CO2 and H2O with excess 
O2. This product is typically at a temperature for which 
the rate of NOx formation is very low, relative to res- 
idence time of the gas prior to cooling by turbine ex- 
panston. Transitton from the under-oxidized to ex- 
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cess air condition is forced to occur in a very short 
time by choice of combustor geometry and steady 
flow air delivery velocity, so that the combustion gas 
exists for a very short time in the regime of temper- 
ature and chemical composition for which the chem- 5 
ical kinetic rate of NOx formation is high. Consequent- 
ly, the total quantity of NO^ formed is limited by the 
air-combustion gas mixing rate. This approach is typ- 
ically referred to as Rapid Quench Lean Burn (RQLB) 
combustion. It imposes engineering constraints on io 
combustor- design and on system operating condi- 
tions. In particular, the requirement for very rapid di- 
lution air mixing typically results in a combustor ge- 
ometry with a narrow flow passage in the 
quench/dilution regions, with attendant flow pressure 16 
loss. Also, high dilution air jet velocity imposes an ad- 
ditional pressure loss on the overall flow from gas tur- 
bine compressor to turbine. This directly decreases 
overall engine efficiency. Also, the enhanced local 
flow velocity directly increases heat transfer to the 20 
combustor structure, increasing cooling airflow de- 
mand. Finally, excessively rapid mix and quench to 
low temperature can result in incomplete oxidation of 
CO to CO2. with a corresponding Increase In exit CO 
emission. Consequently, while this approach to NOx 
emission control can result in decreased net NOx 
emission, the cost to system efficiency and thermal 
lifetime can be very steep, restricting its applicability 
to moderate levels of NOx control. 

An alternative means of avoiding high NO^ for- 30 
mation rate condition employs spray combustion, as 
outlined for RQLB, but with water spray injection in- 
cluded in or upstream of the combustor to decrease 
the peak temperature, and correspondingly both 
equilibrium NOx concentration and rate of NOx forma- 35 
tion (shown in Figs. 1 and 2). It is roughly equivalent 
chemically to RQLB with lower Input air temperature. 
This is effective in current commercial distillate fu- 
eled stationary turbines, but is expensive in terms of 
capital equipment for ensuring adequately clean wa- 40 
ter delivery, and in system efficiency loss due to wa- 
ter vaporization. It is not attractive for aircraft appli- 
cations. 

The second general approach to NOx emission 
control is based on total avoidance of the thermo- 45 
chemical regime of high NOx formation rate. This can 
be achieved by prevaporlzing the liquid fuel and mbc- 
ing it with substantial excess air prior to combustion. 
Two limitations affect this approach. First, achieve- 
ment of prevaporization and mixing is difficult in so 
terms of fuel cracking and coking, and In terms of 
auto-lgnitlon. Local regions of near-stoichiometric air- 
fuel vapor necessarily exist, and can potentially Ig- 
nite. Once such ignition occurs, NOx control is lost, 
and thermo-mechanical hardware failure is probable. 55 
Second, combustion of the dilute fuel-air mbcture is 
relatively slow, and can require a catalytic combustor 
system. Operating and durability constraints inn- 



posed by the catalyst and Its physical support struc- 
ture severely limit application of this technique in gas 
turbine systems. 

Many systems have been developed for sensing 
the internal or emission conditions of an internal com- 
bustton engine and automatically controlling the sup- 
ply of fuel and/or air to Improve engine performance, 
overcome unstable conditions, provide engine accel- 
eration, throttle response, etc. 

Reference is made to U.S. Patent 3,218,803 for 
its disclosure of a system including a valve means for 
airflow control to a combustor in order to increase gas 
pressures prior to allowing gas expansion through the 
turbine stages. A hydraulic process controls fuel flow 
in response to engine operating conditions. There is 
no suggestion that such system enhances fuel air 
mixing or reduces NO^ emissions. 

It is known to supply liquid fuel, such as oil, to a 
burner in the form of timed pulses of fuel in order to 
regulate the fuel supply and avoid the necessity for 
on/off fuel burner operation. Reference is made to 
U.S. Patent 4,276,857 for Its disclosure of an ultra- 
sonic nozzle operated by pulsed signals from a con- 
trol system. 

Reference is made to U.S. Patents 3,002.349, 
3,306,037, 3.327.472 and 3,357.177 for their disclo- 
sures of fuel delivery control systems for rapid engine 
throttle response. There is no suggestbn of en- 
hanced fuel/air mixing or reduced NOx emissions. 

Reference is made to U.S. Patent 4,752,209 for 
Its disclosure of pulse combustion burners for mix- 
tures of air and fuel gas, comprising flapper valve 
means for controlling air and/or gas flow in response 
to oscillating burner pressures within a self-resonant 
combustor. 

Finally, reference is made to U.S. Patents 
2,530,019, 3,053,047. 3,688,495, 4,454.713 and 
4.91 0,956 for their disclosures of other fuel metering 
systems for gas turbine engines. Such systems do not 
relate to improving fuel/air mixing to reduce NOx 
emissions. 

SUMMARY OF THE INVENTION 

There is hereinafter described an improved sys- 
tem for providing high efficiency combustion of 
fuei/aar mixtures in a gas turbine engine while de- 
creasing the rate of NOx formation, and is character- 
ized by the introduction of an externally modulated, 
rapidly pulsed, oscillated orsinusoidal fuel flow deliv- 
ery rate (hereinafter referred to generically as "modu- 
lated") to the combustor under predetermined condi- 
tions which produce enhanced fuel/air homogeneity 
throughout the combustion chamber, without creat- 
ing a net pressure gain through the combustor. and 
related advantages which substantially reduce condi- 
tions favorable to the formation of NOx pollutants and 
thereby substantially decrease NOx concentration >n 
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the combustion gas. 

Specific aspects of the invention are set out in 
the Independent claims. Preferred forms of the inven- 
tion will now be described. 

Fuel is supplied continuously to a combustion s 
chamber as a steady flow rate to which externally 
modulated increases in fuel flow are added, e.g., by 
cyclic fuel feed pressure variation. In the pulsation 
frequency range of 1 0 to 1 0OOHz (cycles per second), 
to produce a transient increase In the fuel supply rate io 
of at least about 10% in excess of the normal contin- 
uous rate fuel supply. Alternatively, the fuel delivery 
rate to the combustor can be modulated to provide for 
a temporal variation of at least 10% relative to the 
time averaged steady f lowrate. The supply of the fuel is 
and primary air to the combustion chamber, via a fuel 
injector/atomizer nozzle, produces a controlled varia- 
tion of primary zone combustion temperature and 
volume, resulting in a controlled degree of gas flow 
oscillation within the combustor which can be excited 20 
and driven to finite absolute amplitude using a rela- 
tively minor amplitude of fuel flow pulsation modula- 
tion, to produce a net bulk flow oscillation within the 
combustor volume at negligible net loss in system 
pressure. The effect is that the cyclic expansion and 26 
contraction of the combustion zone, triggered by the 
fuel flow modulation and enhanced by a resulting 
combination of oscillating air Input flow rate and Inter- 
nal combustor resonance, substantially improves the 
gas phase mixing rate and homogeneity and substan- 30 
tially decreases the formation of NOx gases. In gen- 
eral a fuel flow nrwdulation of up to about 30% of the 
time averaged flow is possible if the flow is modulat- 
ed sinusoidally, and up to about 50% If the flow is 
modulated as pulsed Increases or decreases. 35 

The amplitude of the fuel flow modulation can be 
correlated to the amplitude of the combustion pres- 
sure oscillation, or to the combustor-plenum pressure 
differential oscillation, or to the magnitude of light 
emission oscillation, or to the degree of NOx control. 40 
Such correlation can be measured by appropriate 
sensors to provide a feedback control for regulating 
the degree or amplitude of the fuel flow and the fre- 
quency of the fuel pulsation to produce the desired 
result, ultimately the desired low level of NOx emis- 4S 
sion at the lowest possible fuel pulsation amplitude. 

The primary effect of such mbcing is rapid mixing 
of regions of hot combustion gases with cooler, typi- 
cally higher oxygen content gases, with the result that 
combustion gases exist for only a very short time un- so 
der high temperature conditions with high formation 
rate of NOx. In the course of this mixing and combus- 
tion process, partially oxidized combustion gases 
such as carbon monoxide (CO), hydrogen (H2), and 
various hydrocarbon gases also complete their oxida- 55 
tion to form carbon dioxide (CO2) and water vapor 
(H2O). Excessively rapid mixing can not only de- 
crease the extent of NOx formation, but may also re- 



sult In incomplete oxidation of CO, H2. and hydrocar- 
bons. It is therefore desirable to provide for a mbcing 
rate sufficient to constrain the extent of NOx forma- 
tion, while allowing complete oxidation of the com- 
bustion gases. 

THE DRAWINGS 

FIG. 1 is a graph illustrating the effects of initial 
air temperature and fuel air ratio on the chemical 
equilibrium level of NOx gases In combustion 
products; 

FIG. 2 is a graph illustrating the rate of formation 
of NOx gases at different initial air temperatures 
for different fuel/air ratios; 
FIG. 3 is a flow diagram illustrating a gas turbine 
fuel delivery system according to an embodiment 
of the present invention; 
FIGS. 4a and 4b are flow diagrams illustrating 
gas turbine fuel delivery systems according to 
other embodiments of the present invention; 
FIG. 5 is a flow diagram illustrating a fuel pulse 
control system according to an embodiment of 
the invention; 

FIG. 6 is a chart illustrating the correlation be- 
tween pulsed fuel flow with a transient increase 
in fuel supply rate, combustton zone tempera- 
ture, pressure and air jet velocity for fuel pulses 
having a combustor-air flow resonance time of 
about 1 millisecond. 

FIG. 7 is a chart illustrating the correlation be- 
tween pulsed fuel flow with a temporal variation 
in fuel supply rate, combustor pressure and air in- 
put velocity for a fuel pulse driving a combustor 
with a flow resonance time of about 5 millisec- 
onds. 

FIG. 8 is a diagram illustrating a means for pro- 
ducing pulsed fuel delivery according to one em- 
bodiment of the present invention, and 
FIG. 9 is a chart illustrating the correlation be- 
tween oscillatory fuel flow, combustion zone 
temperature, pressure and air jet velocity. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

The present invention is concerned with an Im- 
proved fuel delivery system for steady flow combus- 
tion devices, particularly gas turbine engines, for re- 
ducing the emission of NOx gases below the objec- 
tionable amounts currently produced by convention- 
al gas turbine combustion engines. 

As illustrated by Figs. 1 and 2 of the drawings, 
the equilibrium concentration and rate of formation of 
objectionable NOx gases during the combustion of jet 
fuel/air mixtures are highly dependent on the stoic- 
hiomelry of the fuel/air mbctures and the temperature 
of the combustion air. In gas turidine engines the tem- 
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perature of the combustion air is high and the stoic- 
hiometry of the fuei/air mixtures in certain areas of 
the combustor transitions through reiative ratios of 
fuei to air which produce excessive NOx fornBtion 
rates, due to the mixing transition of the fuel and the s 
air from excess fuel to excess air conditions. 

Figure 3 of the drawings illustrates a typical fuel 
delivery system comprising one or more atomizer 
nozzle(s) or fuel Injectors 11 for delivering a pulse 
modulated fuel supply to a gas turbine engine accord- io 
ing to one embodiment of the invention. This system 
comprises a jet fuel tank 10 providing a liquid fuel 
source to a pressurizing pump system 16. Tiie pump 
^ delivers a flow through a conduit 17 to a flow control 
and distribution device 1 5, which delivers fuel typical- is 
ly to a multiplicity of fuel injectors 11, each of which 
provides a fuel spray to a portion of the jet engine 
combustor, or to one of a multiplicity of discrete com- 
bustor cans comprising the total combustor. A steady 
flow fuel portion may be provided to each fuel injector 20 
1 1 through a conduit 12. Another portion, or the entire 
fuel flow to the individual fuel injector 11 , is provided 
through conduit(s) 13 which Incorporate(s) a flow 
pulsing means 14 for periodically introducing a flow 
rate transient, typically corresponding to a flow pres- 25 
sure variation, into the fuel supplied through con- 
duit(s) 13 to the fuel injector(s) 11. Such fuel flow 
modulations may occur simultaneously in all flow . 
conduits 13, or may be time phased to one another 
in some preferred sequence to the various combustor 30 
fuel injectors 11. Thus, the system feeds a continu- 
ous supply of liquid fuel to each nozzle for spraying 
into the combustion chamber while the pressure and 
volume flow riate of the fuel supply is intermittently in- 
creased by the pressure pulsing means. The result is 35 
a fuel pressuire and resulting flow rate transient which 
is periodically introduced to the combustion chamber, 
with the fuel pulse duration and inter-pulse delay, or 
fuel flow oscillation cycle period, being selected to 
create an optimal fuel-air homogeneity on a time 40 
scale that is short relative to that for ignition and heat 
transfer within the initial fuel spray volume. 

The pressure pulsing means 14 may be any con- 
ventional means for Introducing precisely timed pres- 
sure and corresponding flow rate modulations to the 45 
fuel supplied by conduit 13 to the atomizer nozzle 11 , 
such as a spark discharge chamberf unctioning as an 
electro- hydraulic pump, a mechanical piston dis- 
placement means, rotational flow modulating means, 
inert gas bubbler means, or any other conventional so 
variable displacement means capable of timed cyclic 
operation to cause the supply of fuel to the nozzle 11 
to occur in the form of timed pulses, superposed on 
a steady fuel flow, or a valve device capable of mod- 
ulating the fuel flow rate to an oscillatory or sinusoi- ss 
dal flow. For example, in tests conducted on a JT-8B 
combustor operating at an air-inlet temperature asso- 
ciated with take-off conditions, the use of a flow mod- 



ulating means 14 comprising a cylinder having a trig- 
ger hole and rotating to generate a frequency of 55Hz 
for the modulation of the fuel flow transients, re- 
duced the level of NOx in the combustor emissions by 
approximately 40%. 

Figs. 4a of the drawings illustrates an alternative 
fuel delivery system comprising a plurality of atomiz- 
er nozzles 11 for delivering a modulated fuel supply 
to a gas turbine engine according to another embodi- 
ment of the invention. This system comprises a jet 
fuel tank 10 providing a fuel source to a pressurizing 
pump system 16. The pump delivers a flow through 
a conduit 1 7 to a flow control and distribution device 
15, which delivers flow typically through conduits 18 
to a multiplicity of fuei Injectors 1 1 , each of which pro- 
vides a fuel spray to a portion of the jet engine com- 
bustor, or to one of a multiplicity of discrete combustor 
cans comprising the total combustor. A steady flow 
fuel portbn may be provided to each fuel injector 11 
through individual conduits 12 as well, although all of 
the flow may be provided to each fuel injector 11 
through the conduits 18. A flow pulsing means 14 » 
provided on each coiiduit 1 8 in the flow delivery path 
from flow control and distribution device 15 to a plur- 
ality of fuel injectors 11 comprising a means of pro- 
viding a steady flow fuel delivery through each con- 
duit section 18a to each fuel Injector 11 as well as a 
further fuel flow quantity delivered cyclically to each 
fuel injector 11 served by the flow control and distrib- 
ution unit 15. By this means the fuel delivery in each 
conduit 18 is maintained at a relatively steady level, 
while the fuel delh^ery in each conduit section 18a 
and fuel injector 11 is sequentially and cyclically 
modulated. 

Another embodiment of the invention is shown In 
Figure 4b, in which the multiplicity of fuel injectors 11 
are individually served by the time-phased flow puls- 
ing means 14. In both Figs. 4a and 4b, the flow puls- 
ing units may be triggered sequentially to allow time 
phasing of their flow modulation to each of the multi- 
ple injectors. 

Fig. 5 of the drawings illustrates the flow pulsing 
means 14 of Figs. 3, 4a and 4b in association with a 
power/control means 19 and a remote sensor 20 for 
analyzing the operation of the system, such as com- 
bustor pressure or internal flame luminosity variation, 
and acth/ating the power/control means 19 to regu- 
late and/or coordinate the fuel pulse timing, phasing, 
duration, amplitude and/or interpulse delay of one or 
more pulsing means 14 to one or more fuel injectors 
11 to provide optimum fuel/air mbcing effectiveness 
within the combustion chamber, resulting In the low- 
est possible NOx levels in the combustor exhaust at 
the minimum fuel pulsation amplitude. 

The present invention can employ conventional 
spray combustbn of distillate fuel, with staged air in- 
put for primary combustion, secondary oxidation, 
and dilution. Consequently, it is applicable for retro- 
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fitting existing or slightly modified gas turbine com- 
bustors. The primary innovative element is introduc- 
tion of the major volume of the fuel supply in the form 
of a steady fuel flow plus a uniformly pulsed fuel de- 
livery to the combustor, under conditions which drive s 
a controlled degree of combustion flow oscillation. 
The overall effect Is a radically enhanced mixing rate 
throughout the combustor, extending from fuel spray 
droplet interaction with combustion gas to turbulent 
eddy scalar property dissipation in the secondary io 
and dilution zones. This enhanced mixing rate in turn 
substantially decreases the residence time available 
in local zones favorable to a high NOx chemical kinetic 
formation rate. The final benefit of this coupled fluid 
dynamic-combustion sequence is substantially de- is 
creased NOx concentration in the combustion gas, at 
minor overall cost in system efficiency. 

By using the present invention, the step of forcing 
fuel flow rate modulation by pulsation In the pulsation 
.. .frequency range 10 to 1000 Hz can result in an 20 
acoustically audible combustor response, and a well- 
defined change in gaseous combustion product conv 
position. These effects show a moderate fuel pulsa- 
tion frequency dependence over the cited frequency 
range and, under laboratory test conditions with a 25 
specific combustor and air flow, a maximum effec- 
tiveness in the frequency range of 1 00 to 500 Hz. This 
frequency range of maximum effectiveness may be 
expected to vary for different combustors and oper- 
ating conditions. 30 

The overall combustion mechanism responsible 
for theichange In NOx emission is based on the re- 
sponse of combustion and fluid dynamics to the ex- 
ternally forced variation of fuel flow. The fuel flow can 
be defined in terms of a basic steady rate flow con- 35 
tribution of a major fraction of the total fuel supply, 
e.g., up to about 80%, with another intermittent cycli- 
cal modulated flow of the remaining fraction of the to- 
tal fuel supply, which combines with the former to pro- 
duce an adjustable pulsed flow rate. For example, a 40 
sinusoldally time-varying flow produces a net flow 
with a time averaged value equivalent to the base 
steady flow fraction, and a sinusoidal variation above 
and below that rate. Alternatively a time-varying con- 
tribution in the form of short duration cyclical pulses 45 
of Increased fuel flow, as provided by the present sys- 
tem, adds to the steady state flow contribution to give 
a time-averaged flow somewhat greater than the 
steady state value. This condition is shown in quali- 
tative terms In Figure 6 of the drawings. so 

This time-modulated fuel flow can be introduced 
into the combustor volume as a spray using conven- 
tional fuel injector devices. These can Include a single 
flow path injector using either pressure atomization 
or airblast atomization, or a dual flow path injector 55 
with one portion of the fuel flow delivered, typically 
at higher average pressure, via a pressure atomizer 
injection path, and a second portion of the fuel flow 



delivered, typically at lower average pressure, via an 
airblast atomizer Injection path. In the latter case, 
either or both fuel flow portions could be driven with 
a time-varying contribution, although typically the 
pressure atomizer flow would be held steady, as the 
lesser flow portion, and the airblast atomizer flow 
portion subjected to a modulation of Its flow. 

This time-varying fuel flow is delivered through 
the fuel injector/atomizer nozzle 11 to the primary 
zone of the gas turbine combustor, where it disperses 
and mixes with the locally recirculating combustion 
gases and secondary input airflow. The net effect of 
a timed change in fuel flow rate is to change the sto- 
ichiometry in the primary zone, with a temporal aver- 
aging in mean stoichlometry roughly based on the 
primary zone residence time. In essence, the pri- 
mary zone acts like a well-stirred reactor in partially 
averaging out temporal transients in input flow. This 
constrains the useful fuel delivery pulsation frequen- 
cy to a value similar to or greater than the inverse of 
the primary zone residence time. 

The net initial effect of a transient increase in fuel 
flow is an increase In global primary zone stoichlome- 
try (F/A basis). This drives a sequence of thermo- 
chemical, thermodynamic, and hydrodynamic effects 
that lead to a substantially enhanced mixing rate, and 
correspondingly decreased NOx formation, in the 
combustor. As illustrated by Fig. 6, the direct effect of 
this stoichlometry increase is a change in the primary 
zone combustion product temperature. Since the pri- 
mary zone ordinarily operates fuel-rich, a stoichlome- 
try increase drives a corresponding gas temperature 
decrease, shown as "PRIMARY ZONE TEMP" in Fig. 
6-. For quasi-constant pressure operation, the inr)- 
mediate effect of this temperature drop is a corre- 
sponding increase In gas density. As this occurs on 
a time scale which is small relative to bulk flow times 
in the combustor but large relative to internal acoustic 
transit times, there results a decrease in primary 
zone gas volume, and In combustor internal pressure, 
shown as "COMBUSTOR PRESSURE" in Fig. 6. This 
pressure change is typically small in absolute magni- 
tude, corresponding to about 1% or less of the abso- 
lute time averaged combustor pressure, and drives a 
weak subsidiary change in instantaneous combustor 
output flow. However, the small transient change in 
combustor pressure drives a substantial change In 
the secondary airflow rate into the combustor, shown 
as "AIR JETVELOCITY" in Fig. 6. The nominal steady 
state pressure drop driving the secondary airflow 
from the air plenum volume into the combustor is a 
small fraction of the combustor pressure, typically 2% 
to 5%. Consequently, a 1% perturbation In absolute 
combustor pressure may result in a 20% to 50% 
change in pressure drop available to drive airflow into 
the combustor volume. This affects ail of the various 
airflow paths feeding the combustor volume, as well 
as flow within it. 
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Cooling airflow typically dissipates a major frac- 
tion of the available pressure drop as viscous loss In 
the wall structure ornear-wall region. This is done in- 
tentionally to maximize its effectiveness in cooling 
the combustor liner. Consequently, its response to a 5 
transient in combustor pressure Is dominated by its 
own inertia and viscous loss. Since the local volume 
undergoing acceleration is small, Its inertial mass is 
small as well, and viscous loss dominates its instan- 
taneous flow rate. It adjusts rapidly and smoothly to io 
changes in combustor pressure. Airflow through an 
air-blast fuel injector, such as nozzle 11 of Figs. 3 or 
4a or 4b, also responds to the instantaneous pressure 
drop. It Is difficult to generalize regarding the flow 
rate response at the nozzle 11, as atomizer Internal 15 
flow geometries differ widely. However, at least a 
partial dynamic acceleration response of the airflow 
is to be anticipated, with an instantaneous inertial 
mass corresponding to an air column length roughly 
equal to the airflow path length of the injector. This 20 
is typically at least one inch, with a corresponding in- 
ertial acceleration response time in the range 0.5 to 
1.0 milliseconds. The relatively large inertial mass, 
together with Internal injector dynamic and viscous 
pressure loss, results in a relatively small net varia- 25 
tion in air mass flow through the injector, in response 
to combustor pressure variation. 

The combustor airflow which responds most ag- 
gressively to pressure variation, and couples with It in 
terms of .overall combustion dynamics, Is provided 30 
through the various wall jet flows. These typically 
comprise^the major fraction of the air flow, and are 
typically distributed to provide several groups of air jet 
flows which penetrate directly Into the combustion 
volume, typically into the primary zone of initial fuel 35 
spray combustion, a secondary combustion zone, 
and a dilution zone. They are delivered either through 
simple holes in the combustor liner wall, or through 
short ducts ("thimbles") placed typically normal to 
the wall as flow guides. Consequently, the air column 40 
inertial length is typically quite short, of the scale of 
the orifice diameter, and internal viscous damping Is 
negligible. Dynamic response of air jet flow velocity to 
a change in combustor pressure is therefore both rap- 
id and substantial. Jet flow response to a fluctuating 45 
pressure drop typically includes a finite inertial lag. In 
effect, the comblnatton of jet fluid inertia and com- 
bustor volume can define an elementary form of 
Helmholtz resonator. 

The actual air jet fluid dynamic behavior is conv so 
plicated by several factors. These include the finite 
volume of the air supply plenum, combustor heat re- 
lease and internal temperature distribution response 
to air flow, and the finite length of the airjet flow path. 
If the effective hydrodynamic jet flow path is shorter 55 
than or comparable to the mean jet velocity divided 
by fuel pulsation frequency, air jet flow velocity will 
approach an Instantaneous response to the pressure 



differential between plenum and combustor. 

Finally, it is Important to recognize that fuel de- 
livery modulation will also Impact gas flow velocity 
distribution within the combustor. Two general mech- 
anisms exist, and may in reality overlap. First, a long- 
itudinal acoustic mode pressure oscillation is a well- 
known response to fuel flow modulation. Second, an- 
other response mode corresponds to a Helmholtz 
slosh mode based on the density difference between 
high temperature primary/secondary zone and cool- 
er dilution zone gases. Its basic frequency is typically 
distinctly lower than the longitudinal acoustic mode. 

These various combustor flow responses to fuel 
flow modulation have two points of commonality of 
importance to NOx emission control. First, in a purely 
hydrodynamic sense, they are dynamic processes 
with relatively minor internal dissipation. Conse- 
quently, they can in principle be excited and driven to 
finite absolute amplitude using a relatively minor am- 
plitude of fuel flow pulsation modulation. This also al- 
lows optimization via feedback looping of fuel flow 
modulation timing from combustor dynamic re- 
sponse. Second, they result In substantial net bulk 
flow oscillation within the combustor volume, at neg- 
ligible net penalty in system pressure drop. This is 
central to the use of this overall driven oscillatory flow 
process as a mechanism for NOx emission control. In 
that context the major net driver is the cyclic expan- 
sk)n and contraction of the primary/secondary com- 
bustion zone. As discussed above, this is triggered by 
fuel flow pulsation, and enhanced in absolute ampli- 
tude by a combination of air input jet and internal 
combustor response modes. In terms of internal com- 
bustor flow, the result can be, for example, a bulk 
longitudinal flow oscillation, typically with a cycle per- 
iod in the range 1 to 10 milliseconds. This bulk flow 
oscillation in turn drives an enhanced rate of gas 
phase mixing, which has the desired effect of de- 
creasing the total quantity of NOx formation. It also 
enhances the mixing rate and homogeneity in the het- 
erogenous spray combustion environment of the pri- 
mary zone, decreasing the net extent of NOx forma- 
tion associated with local fuel-lean volumes therein. 

The critical regime of gas phase mixing corre- 
sponds to the transition of combustion product gases 
from slightly fuel rich to highly fuel lean, as shown in 
Fig. 2. The intermediate regime allows NOx formation 
at high rate, controlled by chemical kinetic steps, in 
the vicinity of 1000 ppm/msec. This high basic kinetic 
rate allows a very rapid approach to chemical equilib- 
rium NOx concentration, far in excess of the environ- 
mentally allowable level. The critical gas phase mix- 
ing step proceeds typically via turbulent dissipation, 
leading to local mbclng. The details of this are of direct 
importance to effective control of NOx formation, 
since they control the amount of time spent under 
conditions allowing a high rate of NOx formation. Min- 
imization of that time results directly in minimization 
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of total exhaust NOx concentration. 

The effect of the bulk flow oscillation discussed 
above on gas phase mixing is to differentially accel- 
erate the combusting gases, depending upon their lo- 
cal densities, to provide enhanced contact and inter- s 
face stretching among local gas volumes of different 
densities. Since the density is directly and quantita- 
tively related to the local gas stoichrometry, the net 
effect is to enhance mixing among local gas volumes 
of different stoichlometry, leading to a rapid homog- io 
enlzation of gas stoichlometry to a level resulting In 
low net NOx formation rate. The critical mixing step 
occurs at the interface region between fuel-rich and 
fuel-lean gas voluntes, or between local volumes of 
gas having intermediate stoichlometry (e.g., in the is 
range 0.6 to 1 .2) and adjacent gas volumes of higher 
or lower stoichlometry. Due to its stoichlometry, this 
combustion gas is at relatively high temperature, and 
hence of relatively low density, and is thus differen- 
tiated in its inertial response to bulk flow oscillation 20 
from relatively fuel-rich or lean gases In proximity to 
it. This can substantially enhance the rate of mixing 
in this critical high NOx formation rate regime. All of 
the fuel rich combustion products necessarily transi- 
tion through this regime while engaged in a contlnu- 25 
ous mixing transition to a fuel-lean condition. Minimi- 
zation of the time spent In this transition regime, by 
density-dependent differential acceleration, results 
in minimal net NO^ production. 

The high mixing rate is thus achieved via a bulk 30 
gas oscillation, achieved at low penalty in thermody- 
namic efficiency by externally nrradulatlng the fuel de- 
Iwery rate in a prescribed and controlled manner. Ach- 
ievement of comparable enhanced mixing and corre- 
sponding NOx control by use of steady state air jet 35 
mixing is typically prohibitively expensive in terms of 
resulting engine efficiency penalties and combustor 
hardware complexity. 

Fig. 7 of the drawings illustrates the correlation 
between a single fuel flow pulse perturbation to the 40 
steady fuel flow rate as a transient in fuel spray de- 
livery to the combustor, and the combustor pressure 
and air input velocity during and immediately follow- 
ing such a fuel pulse. The modulated fuel flow tran- 
sient causes an increase or decrease transient in 45 
combustor pressure and a decrease or increase tran- 
sient in air input velocity depending on whether the 
primary combustion region into which It is introduced 
is operating with excess air or excess fuel, relative to 
unity equivalence ratio. In the event that this combus- so 
tion region Is operating at an equivalence ratio close 
to unity, the resulting pressure transient and corre- 
sponding air input velocity transient will be relatively 
small in amplitude. Generation of a combustor pres- 
sure and flow transient also requires that the duration 55 
of the fuel pulse event is shorter than or similar to the 
dynamic flow and pressure response time of the com- 
bustor. The result of such a fuel modulation is a con- 



trolled degree of combustion oscillation which pro- 
duces uniform or homogeneous mixing of the fuel 
and the air and decreased NOx formation. 

This enhanced and controlled mixing decays rap- 
idly in time following a fuel pulse, as the combustor 
pressure and air Input velocity decay to their steady 
state levels. A second fuel flow pulse shown by 
means of broken lines in Fig. 7 would force a repeat 
of the combustor pressure and flow cycle. Efficient 
implementation of this means of combustion pollu- 
tion control requires timing such subsequent fuel 
flow modulations to occur at an appropriate time in 
the combustor pressure perturbation cyde. Fig. 6 
shows a condition for which each fuel flow pulse is 
optimally delivered as the instantaneous combustor 
pressure crosses the steady state value, with the 
pressure increasing with tinne. Such fuel flow pulse 
timing or modulation results in cyclic driving of the 
combustor pressure and flow oscillation, resulting in 
a minimum fuel flow pulsatton requirement to provide 
effective control of NOx pollutant formation. The ef- 
fect of such fuel flow pulsing Is a radically enhanced 
mixing rate and fuel/air homogeneity throughout the 
combustor and a significant reduction in NOx forma- 
tion. 

In the case of a pulsed fuel flow transient such 
as shown in Fig. 7, the duration of a fuel pulse flow 
transient is preferably small relative to the inherent 
combustor-air flow oscillation time scale. This results 
in relatively efficient forcing of the combustor pres- 
sure and flow oscillation and corresponding de- 
crease In net NOx production through enhanced Inter- 
nal gas mixing rate. The on-duration of each fuel flow 
pulse perturi^ation cycle Is typically less than the off- 
duration and is generally less than about 20% of the 
total cyde duratton. Commonly the cyde duration s 
about 3 ms and the fuel duration comprises from 
about 0.1 to 0.5 ms of said cycle. 

The precise Intervals of the fuel flow perturba- 
tion pulse cydes and the durations of the fuel-on and 
fuel-off periods of said cycles can be determined and 
approximately pre-set under test conditions which 
monitor the actual NOx emissions. Preferably, one 
would also monitor the internal combustor pressure 
variation and/pr the optical luminosity variation of the 
spray combustion region to coordinate the duration of 
the fuel pressure pulses and the timing between fuel 
pressure pulses with monitored conditions represen- 
tative of minimum NOx emissions. 

More preferably, the present system Is provided 
with automated fuel pulse control means, as dis- 
cussed hereinbefore and Illustrated by Figs. 5 and 8 
of the drawings, for continuously sensing the opera- 
tion of the combustor and automatically regulating 
the modulation of the fuel pulse on-and off-durations 
to produce minimum NOx emissions under the vari- 
ous normal conditions of operation of the engine. 

Fig. 8 illustrates an electrical fuel pulsing system 
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useful according to an embodiment of the present in- 
vention, comprising a spark discharge pulsing cham- 
ber 23 incorporating an electrical discharge electrode 
24, a fuel supply line 25 and a pulsed flow discharge 
line 26 exiting at the atomizer nozzle to the combus- 
tor. intermittent activation of the electrode 24 heats, 
vaporizes and expands a small fraction of the fuel in 
the chamber 23 to a pressure which causes it to drive 
a fuel flow discharge into the tine 26 as a pulsed flow. 

The duration of these fuel pulses, and the dura- 
tion between such pulses, is controlled by a resistor- 
capacitor networi( means 27 triggered by a thyratron 
28 and energized by a power supply 29. 

The thyratron 28 may be associated with conrv 
bustor sensor feedback for the automatic regulation 
of the resistor capacitor network 27 to control and 
regulate the duration of the power supply period to 
the electrode 24, e.g., about 10 microseconds, and 
the duration between power supply periods, e.g., 
about 3 ms. The actual duration of the fuel flow pulse 
transient is determined in part by the acceleration re- 
sponse of the liquid fuel to the pressure force caused 
by the gas bubble formed by the electrical discharge 
from electrode 24 to the electrical ground of chamber 
23, or a second electrode introduced as the electrical 
ground path, and in part by the cooling and corre- 
sponding collapse of said gas bubble, and may typi- 
cally be about 100 microseconds. 

Alternatively, a fuel flow variation extending over 
the full time duration of the Inherent combustor pres- 
sure oscillation period, as shown in Fig. 9, can be env 
ployed to drive combustor pressure and flow oscilla- 
tions and to provide a decreased net level of NOx pol- 
lutant formation. Such fuel flow time variation could 
be in the approximate form of a sinusoid or such other 
waveform as is produced by a fuel flow modulation 
system. The time lags associated with airflow Inertia 
and other such factors are ideally chosen to result In 
air jet flow velocity approximately out of phase with 
the fuel flow, so that higher instantaneous fuel flow 
rate has corresponding lower instantaneous air flow 
rate, amplifying the effect of the fuel flow perturba- 
tion on the primary zone stoichiometry. Its tempera- 
ture, and consequently on the combustor pressure 
and flow oscillatbn, and hence resulting in a maxi- 
mum degree of internal combustor flow mixing and 
NOx control for a minimum level of fuel flow pertur- 
bation. 

It will be apparent to those skilled In the art of me- 
tering liquids at modulated flow rates, in the light of 
the present disclosure, that various specific electri- 
cal, mechanical or other means may be used for ac- 
tivating and regulating the fuel modulation cycles of 
the present invention provided that they are capable 
of precise operation within the narrow and brief time 
cycles required, e.g., fuel pulse durations of about 0.1 
to 1.0 ms spaced by inter-pulse durations of about 1.0 
to 9.0 ms. 



It should be understood that the foregoing de- 
scription Is only Illustrative of the invention. Various 
alternatives and modifications can be devised by 
those skilled in the art without departing from the in- 
5 vent ion. 



Claims 

10 1. A gas turbine combustor apparatus comprising 
means for introducing liquid fuel to a primary 
combustion zone as a fine spray and means for 
compressing and introducing primary air to the 
primary ccmibustion zone with the fuel spray to 

IS form a combustible mbcture, and means for intro- 
ducing secondary air to a secondary combustion 
zone through a multiplicity of discrete jets and 
through cooling passageways to cool the com- 
bustor walls, assist the mixing of the fuel and air, 

20 complete the combustion of the gases from the 
primary combustion zone and cool and dilute 
them for emission, which apparatus comprises 
means for modulating the flow rate of a portion 
of said liqukJ fuel in the form of uniformly-spaced 
' 25 increases in the fuel flow rate in order to produce 
a controlled variation of primary zone combus- 
tion temperature and volume, resulting in a con- 
trolled degree of gas flow oscillation in the form 
a cydic expanston and contraction of the primary 

30 and secondary combustion zones without creat- 
ing a net pressure gain throughout the combus- 
tion chamber, thereby substantially improving 
the gas phase mixing rate and the homogeneity 
of the formed fuel/air mixtures and decreasing 

35 the net extent of NO^ formation normally result- 
ing from the transitioning of fuel-air mixtures 
from high to low stoichiometry during combustion 
or oxidation. 

40 2. Apparatus according to claim 1 in which said 
means for modulating the flow rate comprises 
. means for inducing repeated transient Increases 
or decreases in the fuel supply relative to the nor- 
mal continuous rate of fuel supply. 

45 

3. Apparatus according to claim 1 in which said 
means for modulating the flow rate comprises 
means for inducing a temporal variation of the 
fuel supply relative to the time-averaged steady 
50 fuel flow rate. 

'4. Apparatus accordlrig to any preceding claim In 
which said means for modulating the flow rate 
comprises means for Inducing pulses having a 
55 duration of less than about 1 millisecond and 

spaced by inter-pulse durations of less than 
about 10 milliseconds. 
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5. Apparatus according to any preceding claim 
which comprises means for moduiating at ieast 
about 10% by voiume of the total fuel supply. 

6. Apparatus according to any preceding daim 
which comprises one or more controllable flow 
pulsing means for moduiating said rate flow. 

7. Apparatus according to claim 6 which comprises 
a plurality of fuel pulsing means which are time- 
phased relative to one another. 

8. Apparatus according to any preceding claim 
which comprises means for sensing a condition 
of the combustion process representative of the 
extent of NOx formation, and means for adjusting 
the frequency and/or amplitude of the modula- 
tions in order to maintain said condition at a level 
representative of low NOx formation. 

9. Apparatus according to claim 8 which comprises 
means for sensing the amplitude of combustor 
pressure oscillation. 

10. Apparatus according to claim 8 which comprises 
means for sensing the combustor-air plenum 
pressure differential. 

11 Apparatus according to claim 8 which comprises 
means for sensing the magnitude of the light 
emission oscillation of the combustion reaction. 

12. Apparatus according to claim 8 which comprises 
means for sensing the NOx content of the emis^ 
slon. 

13. Apparatus according to any preceding claim 
which comprises a plurality of fuel injectors which 
are controlled by fuel pulsing means, for intro- 
ducing said fine spray of liquid fuel. 

14. Apparatus according to daim 13 which compris- 
es means for time-phasing the operation of each 
of said fuel pulsing means relative to each other. 

15. Agas turbine combustor apparatus comprising a 
plurality of fuel injectors for introducing liquid fuel 
to a primary combustion zone as a fine spray and 
means for compressing and introducing primary 
air to the primary combustion zone with the fuel 
spray to form a combustible mixture, and means 
for Introducing secondary air to a secondary 
combustion zone through a multiplicity of dis- 
crete jets and through cooling passageways to 
cool the combustor walls, assist the mixing of the 
fuel and air, complete the combustion of the gas- 
es from the primary combustion zone and cool 
and dilute them for emission, which apparatus 



comprises means for modulating the flow rate of 
a portion of said liquid fuel In the form of uniform- 
ly-spaced increases in the fuel supply rate, 
means for sensing a condition of the combustion 

5 process representative of the extent of NOx for- 

mation, and means for adjusting the frequency 
and/or amplitude of the modulations, in order to 
produce a controlled variation of primary zone 
combustion temperature and volume, resulting in 

10 a controlled degree of gas flow oscillation in the 
form a cydic expansion and contraction of the 
primary and secondary combustion zones with- 
out creating a net pressure gain throughout the 
combustion chamber, thereby substantially im- 

15 proving the gas phase mixing rate and the homo- 

geneity of the formed fuel/air mixtures and de- 
creasing the net extent of NO, formation normal- 
ly resulting from the transitioning of fuel-air mix- 
tures from high to low stoichiometry during com- 
20 bustion or oxidation. 

16. Agas turbine combustion process in which liquid 
fuel is introduced to a primary combustion zone 
of a combustor as a fine spray and air is com- 

25 pressed and introduced as primary air to the pri- 
mary combustion zone with the fuel spray to 
form a combustible mbcture, and Is also intro- 
duced as secondary air to a secondary combus- 
tion zone through a multiplicity of discrete jets 

30 and cooling passageways to cool the combustor 
walls, assist the mbcing of the fuel and air, com- 
plete the combustion of the gases from the pri- 
mary combustion zone and cool and dilute them 
for emission, which process comprises supplying 

35 a continuous flow of said liquid fuel and primary 
air to form a combustible mixture in said primary 
combustion zone, modulating the flow rate of a 
portion of said liquid fuel to introduce uniformly- 
spaced modulations in the fuel flow rate in order 

40 to produce a controlled variation of primary zone 
combustion temperature and volume, resulting in 
a controlled degree of gas flow oscillation in the 
form of cyclic expansion and contraction of the 
primary and secondary combustion zones with- 

45 out creating a net pressure gain throughout the 
combustion chamber, thereby substantially im- 
proving the gas phase mixing rate and the homo- 
geneity of the formed fuel/air mixtures and de- 
creasing the net extent of NOx formation normal- 
50 ly resulting from the transitioning of fuel-air mix- 
tures from high to low stoichiometry during com- 
bustion or oxidation. 

17. Agas turbine combustion process In which liquid 
55 fuel is introduced through a plurality of fuel injec^ 

tors to a primary combustion zone of a combus- 
tor as a fine spray, and air is compressed and in- 
troduced as primary air to the primary combus- 

10 
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tion zone with the fuel spray to form a combust- 
ible mixture, and is aiso introduced as secondary 
air to a secondary combustion zone through a 
multiplicity of discrete jets and cooling passage- 
ways to cool the combustor walls, assist the mix- 5 
ing of the fuel and air, complete the combustion 
of the gases from the primary combustion zone 
and cool and dilute them for emission, which 
process comprises supplying a continuous flow 
of said liquid fuel and primary air to form a conn- io 
bustible mixture In said primary combi^tion 
zone, modulating the flow rate of a portion of said 
liquid fuel through each of said fuel injectors in 
the form of uniformly-spaced modulations in the 
fuel flow rate, sensing a condition of the combus- is 
tion process representative of the extent of NOx 
formation, and adjusting the frequency and/or 
amplitude of the modulations in order to produce 
a controlled degree of gas flow oscillation in the 
form of cyclic expansion and contraction of the 20 
primary and secondary combustion zones with- 
out creating a net pressure gain throughout the 
combustion chamber, thereby substantially im- 
proving the gas phase mixing rate and the homo- 
geneity of the formed fuel/air mixtures and de- 25 
aeasing the net extent of NOx formation normal- 
ly resulting from the transitioning of fuel-air mix- 
tures from high to low stoichiometry during com- 
bustion or oxidation. 

30 

18. The process of claim 16 when carried out in the 
apparatus of any of claims 1-15 and employing 
the features specified therein. 
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FIG. 4B. 
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